The Pre-stressed Hardening Grinding (PSHG) is presented combining with the advantages of Pre-stressed Grinding and Grinding Hardening. In order to study the variation mechanism of metallographic structure and the residual stress within hardening layer under PSHG, the paper took 45 steel as the experimental object and carried on the PSHG experiment. The surface hardening layer with little residual stress was obtained from it. The surface hardness, the wear loss and residual stress were measured and its metallographic structure was observed. Combined with experimental result and the simulation of grinding temperature field, the paper studied the mechanism which the pre-stress influences the metallographic structure and the residual stress. The study shows that parent-phase-hardening and strain-inducing-phase-changing due to applying pre-stress have comprehensive effect on the martensitic phase transformation in the grinding process. And its result indicates that the pre-stress restrains the phase transformation with grinding hardening layer firstly and then promotes it. And then pre-stress affects the residual stress mainly through affecting phase transformation in the typical PSHG. It has the same variation as phase transformation with the increasing of pre-stress in the process.
Introduction
Grinding is a kind of process that utilizes abrasive grains to remove materials, and it is widely used in mechanical manufacturing industry. Pre-stressed Grinding (PSG) procedure is a kind of process which combines grinding and residual stress controlling. Though it has no process on adjusting and controlling the residual stress, the surface of specimen could produce ideal residual stress directly after grinding. So the fatigue strength of part is improved, and its working life extends (Ye, et al., 2008) . Grinding Hardening (GH) takes the advantage of massive grinding heat, and the surface materials are heated quickly to the phase-transition temperature, then cools rapidly at the speed which is quicker than the critical cooling speed of martensite transformation, so martensite phase transformation appears near the surface materials and the grinding hardening occurs (Brinksmeier and Brockhoff, 1999) . GH procedure combines grinding and surface hardening. It uses the grinding heat directly to carry on thermal treatment on the surface of specimen, and reduces the procedures of thermal treatment of work, the thermal treatment equipment and the staff. It reduces resources and pollution in accordance with green manufacture and the clean production pattern (Xiu, et al., 2007) (Zhang, et al., 2007) (Menenzes, et al., 2011) (Slowinski and Nadolny, 2007) (Liu, et al., 2006) . Although these two technologies have their own advantages, each of them has its shortage. GH technology can't control the residual stress of surface, therefore it doesn't consider the anti-fatigue property of wokpiece. So it can't make full use of materials and obtain the longest working life. And the PSG technology can't obtain hardening layer. So the grinding heat is wasted and it is not environmental friendly.
Researchers have studied the GH technology and the PSG technology, and have got some development. But nobody has studied the area which combines the two. So the paper comes up with Pre-stressed Hardening Grinding (PSHG) processing method and carried on PSHG experiment based on the deep research on GH and PSG technology. It starts from anti-fatigue manufacturing and green manufacturing, and combines GH with PSG. And the surface hardening layer with little residual stress can be obtained from PSHG which has good working performance.
During the PSHG process, grinding heat leads to surface quenching and martensite phase transformation occurs. The pre-stress of the process has a great influence on the transformation mechanism of microstructure and the residual stress. By adjusting the value of pre-stress, the feature of microstructure and variation of residual stress can be controlled. Researchers home and abroad have done some researches on the stress and strain's influence on microstructure and residual stress under the condition of normal quenching, while the transformation mechanism and the variation of residual stress in the state of grinding hardening haven't been explored. So the article will analyze the typical process by combining experiment result and the theory of thermal phase transformation. The study of mechanism has instructive meaning on controlling the properties of surface hardening layer and the working performance of parts after grinding.
PSHG experiment 2.1Experiment Conditions
The experiment equipment and grinding wheel is shown in Table 1 . Table 2 (William and Javad, 2011) . The experiment specimen was processed especially. Its L×W×H is 50mm×10mm×20mm. The grinding width is 10mm. The specimen is shown in Fig.1 .
The grinding hardening layer is formed by both grinding force and grinding heat. And grinding force, grinding heat and grinding parameter have a close relation. So the experiment took different grinding parameter and pre-stress and carried on grinding hardening. In order to get the temperature of austenitizing easily, the experiment took dry grinding, avoiding coolant taking away heat. The hardening effect of down-grinding is better than up-grinding, so the experiment took down-grinding. In sum, the experiment condition was determined and shown in Table 3 . The process of the experiment is shown as Figure2. Each ap was achieved in single process. The specimens were cool down first and then pre-stress was unloaded after grinding. Fig.2 Experiment process of Pre-stressed Hardening Grinding In the PSHG experiment, a special fixture was designed and made in order to apply pre-stress on both ends of workpiece before grinding. Through applying certain pre-torque by a torque wrench, it transforms it to certain pre-stress. And we calculated the transformation equation according to its structure and size. The tensile stress applied onto the specimen is:
Where, M is the torque applied on the screw, fc is the friction coefficient between the screw and slider; f is the friction coefficient between the thread, A is the CSA of the specimen, d2 is the pitch diameter of the thread, d is the nominal diameter of the thread screw, P is the screw pitch of the screw. A=220 mm 2 , so the pre-stress equation is:
According to Equation (2), the pre-stress is 33MPa (20 N·m), 66MPa (40 N·m) and 100MPa (60 N·m) by turn. The principle of applying pre-stress is shown as Figure 3 . 
Hardness Measurement Result and Analysis
THV-5 Automatic turret Vickers hardness tester is used to measure the hardness of specimen's surface. The hardness of cut-in, middle and cut-off area is measured. Its principle is like this: the tapered diamond is pressed into materials' surface at the certain load. After some certain time, the diagonal length of impression is measured with microscope. The area of impression is calculated. Then the load divided the area is the Vickers hardness (HV). Its equation is:
Where, F is the load (N), S is the area of the impression (mm Table 4 . It can be observed that the hardness of No.1, No.2 and No.3 specimens has no obvious change and they have no hardening effect. This is because their depth of cut is small. So the pre-stress under the condition has almost no influence on the hardness of hardened layer. And it has no obvious effect on phase transformation.
And No.4, No.5 and No.6 specimens all have obvious hardening effect. The three groups belong to the typical PSHG. Their hardness shows the variation tendency of big-small-big with the pre-stress varying from small to big. 
Microstructure Result and Initial Analysis
The metallographical micrographs of No.4, No.5 and No.6were observed with OLYMPUS GX71 inverted metalloscope which is a common observation method in the study of phase transformation.
Before observation, the specimens were coped with lapping, polishing, cleaning and chemical attack. (a) (b) Fig.6 Metallographical micrograph of No.6 specimen Except those same features, it can be seen that the others of the three grinding hardened layers have obvious differences and their metallographical microstructure appears some diversity because of applying different pre-stress though they have the same depth of cut, feeding speed and wheel speed. The proportion of each kind of microstructure of each group is different. The thicknesses of them also show diversities. Using the thickness-measuring software of metallographical microscope itself, the hardening layer's thickness of No.4 was measured as 456.66μm, No.5's was 337.98μm, and No.6's was 601.14μm. Figure 7 shows the variation of the hardness and thickness of specimen with the increasing of pre-stress under the condition of PSHG. It can be obtained that the surface hardness and thickness of hardening layer of specimen both present the variation of big-small-big with the increasing of pre-stress. 
Wear Experiment and Analysis
No.4, No.5 and No.6 specimen were put on wear tester to carry on wear experiment. Experiment conditions are shown in Table5. Table 6 . Figure 8 shows the variation of the wear loss of specimen. It can be seen that it has the variation of small-big-small with the increasing of pre-stress, which is opposite to the variation of hardness and thickness in Fig. 7 . And its wearing resistance has the same variation as the hardness and thickness of hardening layer. That is the result of the phase transformation of different degrees due to different pre-stress. The thermal properties are decided by grinding heat generated in the process. And the grinding heat is based on the contacting characteristic between abrasive grains and surface materials. Factors which affect it mainly consist of feeding speed, depth of cut and wheel speed. The pre-stress can't influence the contact between abrasive grains and surface materials. It can just influence the phase transformation. During the phase transformation, its latent heat has a very small order of magnitudes compared with the grinding heat (Mao, et al., 2014) . So the pre-stress field has little effect on temperature field. The simple simulation result of temperature field can be regarded as the results of the one that applied different pre-stress.
The simulation took parabolic heat source model. The tangential grinding force Ft of grinding wheel can be calculated by equation (Li and Zhao, 2003 
The heat-intensity qt in the grinding process is (Guo, et al., 1999) :
The proportionality coefficient of grinding heat transmitted into specimen is 1 Guo, et al., 1999) which can be calculated as 0.82 according to the value of the experiment. So the heat-intensity qw transmitted into the specimen is:
0.82
The main simulation parameters are listed in Table 7 . The simulation chose SOLID70 which is 3D thermal entity and has eight thermal DOF. The size of simulation specimen is 20mm×22mm×10mm. Take 4 times contacting arc length as the grinding simulation length. Meshing is shown in Fig. 9 . There are 40  30  15 meshing units. Grinding width b (mm) 10
Contacting arc length lg (mm) 7 Fig.9 The Meshing figure of the model
Simulation Result
Equivalent heat source moves from one side of specimen to another in the grinding. Simulation result shows that the temperature of surface layer while grinding is close to 1100℃. Fig. 10 is the cloud maps of temperature field of the 21 st loading. It is an instant during the grinding hardening. Now the temperature field has been stable and is typical. The two critical temperatures of 45 steel are 320 ℃ (martensite transformation temperature) and 720 ℃ (austenitic transformation temperature). It is obtained from Fig. 11 that the surface temperature can reach to the austenitic transformation temperature when grinding and also can reach martensite transformation temperature when cooling. It shows that the grinding hardening experiment of 45 steel has the basic condition of martensite transformation. 
Transformation mechanism of Microstructure affected by pre-stress
The hardness and wearing resistance and some other properties all have a relationship with the characteristic of microstructure. So the affecting mechanism of pre-stress to it will be analyzed in detail.
No.4, No.5 and No.6 specimen are taken as the main study objects which have good hardening effect. Grinding hardening is mainly composed of mechanical enhancement which is caused by the impacting of abrasive grains and quench hardening which is caused by thermal phase transformation. Because grinding parameters of No.4, No.5 and No.6 in the experiment are the same such as depth of cut, feeding speed and wheel speed, the mechanical enhancement condition caused by impacting and plastic deformation is the same. Therefore, the analyzing process can be simplified. The plastic deformation due to the impact of abrasive grains can be removed at the same time. And only phase transformation is analyzed which is affected by applying different pre-stress. The martensite transformation plays the main role in the hardening effect in all microstructure, so the effect of different pre-stress to the martensite transformation is analyzed chiefly.
The yield strength of 45 steel would be lower with the temperature rising as is shown in Table 8 (William and Javad, 2011) . According to the simulation result of temperature field as Fig. 11 , the temperature of grinding surface could reach 1000℃when depth of cut is 200μm. Then the yield strength reduces to about 40 MPa (William and Javad, 2011) . According to Eq. (2), the pre-stress of No.4, No.5 and No.6specimens is 33MPa, 66MPa and 100MPa by turn. So No.4 specimen is in the state of elastic deformation, while No.5 and No.6 are in the state of plastic deformation.
When the pre-stress is 33MPa, the material is in the state of elastic deformation after the effect of pre-stress. In the grinding process, the pre-stress would increase the free energy of martensite transformation. It will make the phase happen in advance. So in this state the pre-stress has promotion effect on martensite transformation. And it is in accordance with most researchers' result, which is widely accepted as "stress induces phase" phenomenon. It accords with Koistinen-Marburger martensite transformation dynamic model (Jin, 2009) (Grum, et al., 2008) . Because this pre-tress is close to the yield strength, the promotion effect to phase transformation has reached a high level. So its hardness is big. In the metallographical figure, there is very large amount of martensite and it has dense texture. The whole thickness is large which is shown in Fig.4 . The pre-stresses of No.5 and No.6 are 66.7MPa and 100MPa respectively, which all surpass the yield strength of current temperature 40MPa. Material has plastic deformation under the stretching effect of pre-stress. During the process pre-stress increases the free energy of martensite transformation which is the same as elastic deformation. Besides, the pre-stress has two opposite effects on the martensite transformation. The positive effects of plastic transformation are like this (Grum, et al., 2008) (Liu, et al., 1999) (Leskovsek, et al., 2014) (Beese and Mohr, 2011) : The boundary of grain changes into irregular waviness from smooth and regular shape after plastic deformation, thus many micro-areas with high boundary energy are easy to form in the grain boundary. Martensite transformation is easy to generate in these micro-areas. And the grains are stretched after plastic deformation, which also contributes to the nucleation of martensite. So plastic deformation would increase the forming speed of martensite in austenitic. Thus it increases the speed of martensite transformation. This is so-called "strain inducing phase transformation". While the negative effects are like this (Dominguez and Sevostianov, 2011) (Xiu, et al., 2009) : plastic deformation will cause hardening in the surface materials. The martensite transformation is a shearing-type transformation. Large strengthening of parent phase would hinder the shearing process, which hinders the phase transformation equivalently. So it decreases the speed of phase transformation and parent phase is more stable. That is mechanical stability. The comprehensive result of the two functions is the final influence of pre-stress to martensite transformation.
The hardness of No.5 specimen is smaller than that of No.4. Its thickness of hardening layer is thin relatively and the density of martensite is small in metallographical figure, which is shown in Fig.5 . It indicates that pre-stress has negative effect to martensite transformation during the beginning part of plastic deformation. During the process, the negative effect to martensite transformation which is caused by mechanical stability is larger than the positive effect which is caused by stretching grain.
And the hardness of No.6 specimen is larger than that of No.5again. And its hardening layer is thicker than that of No.5 in metallographical figure. The amount of martensite becomes larger. It indicates that pre-stress has positive effect to martensite transformation during the last state of plastic deformation. It can be observed from Fig.6 that the grains have obvious stretching phenomenon. It shows that the stretching produces the area where martensite is easy to form. And this mechanism is at the leading position. So the pre-stress promotes the martensite transformation at this time.
Analysis and variation mechanism of residual stress in PSHG
Many studies and engineering experience show that the anti-fatigue property has a close relationship with the residual stress. Large tensile residual stress can produce fatigue crack and the workpiece runs out. On the contrary, if it can produce little tensile stress or even compressive residual stress, the anti-fatigue property would be improved. (Evans, et al., 2005) One of the most important meanings of PSHG is that it can reduce the residual stress of the surface of workpiece after grinding. So the characteristic of residual stress and its variation mechanism will be analyzed.
Generation of Residual Stress in Grinding Process
There are several main reasons of the generation of residual stress in hardening layer (Abdul Aziz, et al., 2013 ) (Karabelchtchikova, et al., 2008) (Choi, 2009) (Duscha, et al., 2011) (Tönissen, et al., 2012) . The final residual stress is the comprehensive result of these factors.
Residual stress due to mechanical effect. The surface material is impacted by abrasive grains in grinding process which has large strain rate and stress. Then materials of this area will have plastic deformation. After grinding it can't recover fully because crystal lattices of materials smash and have larger separation. The volume of surface materials is larger and then residual stress generates.
Residual stress due to heating effect. Surface layer of materials will have thermal expansion under the high temperature caused by grinding heat. But the temperature of inner layer changes little and has little expansion. So the thermal expansion of surface layer will be restricted by inner layer, and it has compressive stress. The stress is usually larger than the yield strength under the high temperature and surface material will have plastic deformation. When cooling down the cooling speed of surface layer is faster than the interior's. With the constriction of surface layer, tensile residual stress generates. This kind of residual stress usually occupies a high proportion in grinding residual stress.
Residual stress due to phase transformation. Different microstructure has different density and specific volume. And when microstructure with big specific volume transfers to the one with small specific volume, materials will have tensile residual stress. On the contrary it will have compressive residual stress. In grinding hardening, austenite transfers to martensite. So the process generates compressive residual stress.
In most instances of mechanical process, the first reason plays a main role and tensile residual stress reveals in the surface materials. It is harmful to the anti-fatigue property of wokpiece. (Choi, 2009) (Duscha, et al., 2011) 
Measurement of Residual Stress
The residual stress of each specimen was measured using X-ray diffraction technique (XRD). It based on the theory of elastic mechanics and X-ray diffraction in crystals. The residual stress can change the distance of different crystal face and the direction of crystal face regularly. So the diffraction spectral line of X-ray moves. The residual stress can be calculated according to the moving distance of spectral line. The method has high measurement precision, and it is not easy to damage the surface of workpiece.
X-ray diffraction technique measures the average stress value of one point and a small area around it. The cut-in, middle and cut-out areas of one workpiece are taken as the measurement location. Their locations are shown in Fig. 12 . Their results are shown in Table 9 . compressive residual stress.) Materials of Location 3 can emerge tensile residual stress because it is lack of martensite.
The ideal study target is the residual stress of the whole surface layer, so we choose the three points as the representatives and figure out their average values as the residual stress of one workpiece. The average value shows some laws and associations with other parameters as is shown in the paper.
Analysis of Residual Stress
The residual stress of No.1, No.2 and No.3 specimens are compared. Their variation is shown in Fig. 13 . Their depths of cut are the same which is 50μm. And their pre-stresses are 33MPa, 66MPa and 100MPa. There is little hardening effect within the surface layer. It can be seen that the larger the pre-stress is, the smaller the tensile residual stress. This is because the pre-stress can stretch both the surface and the inner layer of hardening layer in the scope of elastic deformation in the grinding condition. According to the analysis in Chapter Residual stress due to mechanical effect, surface layer has plastic deformation due to the impact of abrasive grains and grinding heat which can't restore. But the inner layer just has elastic deformation due to the pre-stress and it can restore after pre-stress is unloaded. Then the constraint effect to the surface will cause compressive residual stress within it to counteract the tensile residual stress which is caused by heating effect. At last its comprehensive result shows a smaller tensile residual stress. And the bigger the pre-stress is, the larger the compressive residual stress it causes, and the smaller the residual tensile stress it reveals at last. In this situation the pre-stress affects the residual stress in a direct way relatively. And their pre-stresses are 33MPa, 66MPa and 100MPa respectively. The situation belongs to the PSHG. It can be seen that their compressive residual stresses have the variation of big-small-big with the increasing of pre-stress. The influence of pre-stress to the residual stress is different from the results of No.1, No.2 and No.3 obviously. This is because that different pre-stress has different influence on the phase transformation according to the analysis of Chapter 4.1. With the increasing of pre-stress the phase transformation has the variation from big-small-big. And phase transformation plays a leading role in affecting residual stress in this grinding condition. So the compressive residual stress has the same variation as the phase transformation. And in this situation, the pre-stress affects the residual stress in an indirect way. It affects the residual stress through affecting phase transformation. It can be concluded from the experiment result that the PSHG experiment gains the surface hardening layer with smaller tensile residual stress or compressive residual stress, and it will have good working performance. By adjusting the pre-stress the residual stress can be controlled in the grinding with both large depth of cut (PSHG) and small depth of cut. And the pre-stress has two different affecting mechanism to the residual stress.
Conclusions
The PSHG experiment obtains the surface hardening layer with smaller tensile residual stress or compressive residual stress which has good working performance. Through applying different pre-stress onto the workpiece, PSHG realizes the residual controlling compared with GH. And it can produce different hardening effect compared with PSG.
Under the condition of PSHG, the surface hardness, thickness of hardening layer and the abrasive resistance of specimen all reveal the variation of big-small-big with the increasing of pre-stress. The property of hardening layer can be controlled by applying different pre-stress.
Under the condition of PSHG, during the initial stage of plastic deformation due to pre-stress, parent-phase-strengthening plays a main role and pre-stress has inhibiting effect on martensite transformation. In the later stage of plastic deformation due to pre-stress, the stretching of grain boundary contributes to the formation of martensite. "Strain inducing phase transformation" plays a main role. The pre-stress promotes martensite transformation.
Pre-stress has two different affecting mechanism to the residual stress in the experiment. In PSHG, pre-stress affects the residual stress mainly through affecting phase transformation. The compressive residual stress has the variation of big-small-big with the increasing of pre-stress.
